Abstract Uninterrupted, global space-based monitoring of volcanic sulfur dioxide (SO 2 ) emissions is critical for climate modeling and aviation hazard mitigation. We report the first volcanic SO 2 measurements using ultraviolet (UV) Ozone Mapping and Profiler Suite (OMPS) nadir mapper data. OMPS was launched on the Suomi National Polar-orbiting Partnership satellite in October 2011. We demonstrate the sensitivity of OMPS SO 2 measurements by quantifying SO 2 emissions from the modest eruption of Paluweh volcano (Indonesia) in February 2013 and tracking the dispersion of the volcanic SO 2 cloud. The OMPS SO 2 retrievals are validated using Ozone Monitoring Instrument and Atmospheric Infrared Sounder measurements. The results confirm the ability of OMPS to extend the long-term record of volcanic SO 2 emissions based on UV satellite observations. We also show that the Paluweh volcanic SO 2 reached the lower stratosphere, further demonstrating the impact of small tropical volcanic eruptions on stratospheric aerosol optical depth and climate.
Introduction
Maintaining continuous, global satellite-based monitoring of volcanic sulfur dioxide (VSO 2 ) emissions is critical for climate modeling and aviation hazard mitigation. Periodic injections of SO 2 into the stratosphere by explosive volcanic eruptions are the major driver of modulations in stratospheric aerosol optical depth (SAOD), which impacts climate through direct radiative forcing [e.g., Robock, 2000] . Volcanic eruption clouds are also hazards to aviation, and timely monitoring of their location and composition using satellite remote sensing is crucial for aircraft safety.
Here we present the first retrievals of VSO 2 using data from the Ozone Mapping and Profiler Suite (OMPS) nadir mapper (NM), an ultraviolet (UV) sensor aboard the Suomi National Polar-orbiting Partnership (SNPP) spacecraft. We show that the OMPS-NM SO 2 measurements are suitable for extension of the comprehensive inventory of volcanic SO 2 emissions based on UV satellite measurements made since 1978 (Figure 1 ) [Bluth et al., 1993; Carn et al., 2003] . While several spaceborne infrared (IR) sensors, including the Atmospheric Infrared Sounder (AIRS on Aqua) and Infrared Atmospheric Sounding Interferometer (on MetOp-A/B), can also measure VSO 2 very effectively [e.g., Prata and Bernardo, 2007; Clarisse et al., 2012] , maintaining a UV measurement capability for volcanic SO 2 is essential since UV and IR techniques have complementary sensitivity and coverage. Specifically, UV sensors have lower detection limits and higher sensitivity to lower tropospheric SO 2 than IR retrievals, permitting detection of small eruptions, and are typically more effective at tracking volcanic clouds in cloudy and/or moist atmospheres (e.g., in the tropics). Furthermore, current spaceborne UV SO 2 measurements are also compromised. Although the Ozone Monitoring Instrument (OMI on NASA's Aura satellite) continues to collect data at the time of writing, since 2008, its spatial coverage has been reduced by the "row anomaly" (a partial blockage in the sensor's field of view (FOV) (see http:// www.knmi.nl/omi/research/product/rowanomaly-background.php), and daily global coverage is no longer provided at low latitudes. The second Global Ozone Monitoring Experiment (GOME-2 on MetOp-A/B) also provides daily SO 2 measurements but has data gaps between orbits at low latitudes. impacts on decadal time scales [e.g., Miles et al., 2004] . The current inventory of VSO 2 emissions , primarily based on Total Ozone Mapping Spectrometer (TOMS) [Krueger, 1983; Krueger et al., 1995] and OMI data, is shown in Figure 1 . The observed increase in total explosive VSO 2 emissions after 2000 occurred concomitantly with a gradual increase in SAOD from post-Pinatubo background levels [e.g., Solomon et al., 2011] , which has been attributed to the impact of frequent, small tropical volcanic eruptions Neely et al., 2013] . The UV satellite SO 2 data support the conclusions of Vernier et al. [2011] and Neely et al. [2013] that elevated SAOD has been driven by volcanic eruptions, rather than anthropogenic SO 2 emissions [Hofmann et al., 2009] , and this increase in SAOD has in turn been implicated in the global warming "hiatus" observed since 1998 [e.g., Solomon et al., 2011; Santer et al., 2014] . Since it appears that the majority of recent SAOD variability (and hence radiative forcing) can be attributed to volcanic eruptions, Neely et al. [2013] contend that SAOD should be treated as being continuously and randomly perturbed by volcanic injections, rather than as a simple trend. Continued space-based monitoring of volcanic SO 2 emissions is thus essential, since these measurements of SO 2 loading and SO 2 altitude [e.g., Yang et al., 2009] can be used to rapidly predict the evolution of SAOD following significant volcanic eruptions.
Hence, we report here the first VSO 2 measurements using the OMPS-NM instrument, launched into orbit on 28 October 2011 aboard the SNPP spacecraft, the first of several OMPS missions planned for the next decade and beyond on the Joint Polar Satellite System (JPSS) spacecraft. Yang et al. [2013] have previously reported OMPS-NM retrievals of anthropogenic SO 2 . We focus on the February 2013 eruption of Paluweh volcano (Indonesia) to demonstrate OMPS-NM's sensitivity to small volcanic eruptions in the tropics.
The OMPS-NM Instrument and SO 2 Retrievals
OMPS-NM is a nadir-viewing hyperspectral instrument that measures backscattered ultraviolet radiance spectra in the 300-380 nm wavelength range at a spectral resolution of 1 nm. SNPP is in a Sun-synchronous, polar orbit, with a local ascending (northbound) equator crossing time at 1:30 P.M. (close to the Aura/OMI overpass at 1:45 P.M. local time). Daily global coverage is achieved using a charge-coupled device detector array that covers a 2800 km cross-track swath (110°FOV) with a nadir pixel size of 50 × 50 km, significantly larger than OMI's 13 × 24 km nadir footprint. However, once per week (currently on Saturdays), OMPS measures in a spatial zoom mode with a nadir pixel size of 10 × 10 km (Figure 2 ), providing increased sensitivity to small SO 2 plumes at the expense of increased noise. Availability of OMPS-NM zoom mode data is currently limited due to bandwidth restrictions on data received from SNPP, but this situation could change on future JPSS/OMPS missions.
Despite its lower spatial resolution than OMI, OMPS-NM offers several improvements over other operational hyperspectral UV imagers, including the use of a single-detector array to cover its entire spectral range, 
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yielding a high signal-to-noise ratio at the wavelengths used for SO 2 retrievals. Both OMI and the second Global Ozone Monitoring Experiment (GOME-2 on MetOp-A/B) use three or more channels, with a channel boundary near 310 nm, to cover a broader wavelength range at higher spectral resolution than OMPS-NM [Levelt et al., 2006; Munro et al., 2006] , but at the expense of degraded radiances in the 310 nm region, where SO 2 sensitivity is high. Furthermore, OMPS-NM is currently the only operational UV satellite instrument providing daily global coverage at low latitude to midlatitude, due to data gaps in the OMI and GOME-2 measurements.
To retrieve SO 2 vertical column densities (VCDs) from OMPS-NM UV radiances, we have adopted the linear fit (LF) technique currently implemented as the operational OMI SO 2 algorithm for volcanic SO 2 [Yang et al., 2007] . Yang et al. [2013] applied a more sophisticated and sensitive spectral fitting algorithm to retrieve anthropogenic SO 2 VCDs using OMPS-NM data, but such sensitivity is not required for VSO 2 in the upper troposphere and lower stratosphere (UTLS). The LF algorithm is computationally fast and efficient and can be used for near real-time SO 2 retrievals for time-critical applications (e.g., aviation hazard mitigation). A key requirement of the LF algorithm is an a priori assumption of the SO 2 vertical profile, for which we use three prescribed profiles representative of VSO 2 in the lower troposphere (TRL product; SO 2 center of mass altitude (CMA) of~3 km), midtroposphere (TRM product; CMA =~8 km), and lower stratosphere (STL product; CMA =~17 km). A detailed LF algorithm description is provided by Yang et al. [2007] . For the OMPS-NM SO 2 retrievals, we assume similar error sources to those impacting OMI SO 2 measurements, with an overall uncertainty of~20% [Yang et al., 2007] .
For comparison with the OMPS-NM SO 2 data, we use operational OMI SO 2 retrievals derived using the same LF algorithm (level 2 OMSO2 data product, collection 3) and IR AIRS SO 2 retrievals derived from the level 1B IR geolocated and calibrated radiance product (AIRIBRAD version 5) using the Prata and Bernardo's [2007] algorithm. We have also used the Aura Microwave Limb Sounder (MLS) [Waters et al., 2006] level 2 daily sulfur dioxide product, collection 3 (ML2SO2.003) to verify the altitude of the VSO 2 cloud using MLS-retrieved profiles of UTLS SO 2 mixing ratios. OMSO2, AIRIBRAD, and ML2SO2 data products are all available from the NASA Goddard Earth Sciences (GES) Data and Information Services Center (DISC; http://disc.sci.gsfc.nasa.gov/).
To obtain information on volcanic cloud altitude, we exploit stratospheric aerosol features detected by the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) level 2 lidar vertical feature mask (VFM) product (version 3.02; CAL_LID_L2_VFM-ValStage1-V3-02) ] from the CALIPSO satellite , available from NASA Langley's Atmospheric Science Data Center (http://www-calipso.larc.nasa. gov/). The CALIOP VFM classifies elements in each lidar scene as one of clear air, cloud, aerosol (tropospheric), stratospheric feature (polar stratospheric cloud or stratospheric aerosol), surface, subsurface, or totally attenuated (no signal). In our analysis, we selected all stratospheric features identified by the VFM in nighttime CALIOP overpasses in the vicinity of the Paluweh volcanic cloud between 9 and 12 February 2013. (VAA) for the eruption at 19:26 UTC on 2 February and reported an eruption cloud drifting south at 13.1-13.7 km altitude at 18:32 UTC. The final VAA for the volcanic cloud was issued at 03:32 UTC on 4 February, citing ash at 7-8 km altitude. The Paluweh volcanic cloud resulted in flight delays and other impacts to tourism and aviation as it drifted over the Kimberley coast in Western Australia [Global Volcanism Program, 2014] . Based on available reports of only light ashfall on Flores (~60 km S) and no reported tsunami, we infer that the 2013 eruption was of significantly lower magnitude than the 1928 eruption (which has been assigned a VEI of 3).
Results
Since the Paluweh eruption began at night, the IR AIRS instrument provided the first SO 2 measurements for the eruption, detecting~0.008 Tg SO 2 over the volcano at 17:20 UTC on 2 February and~0.03 Tg SO 2 at 06:20 UTC on 3 February (Figure 2) . OMI measurements were affected by the row anomaly on 3 February, but OMPS-NM was in spatial zoom mode (10 × 10 km pixels). Due to their higher spatial resolution (lower signal to noise), OMPS-NM zoom-mode SO 2 data are noisier than standard mode measurements, but Figure 2 shows the excellent spatial agreement between near-coincident OMPS-NM and AIRS SO 2 retrievals for the Paluweh volcanic cloud on 3 February. However, the SO 2 clouds detected by OMPS-NM and AIRS are not precisely collocated due to the~30 min time difference between the measurements (Figure 2 ), equivalent to distances of~15-30 km (or~1-2 pixels) at the prevailing wind speeds ( Figure S1 in the supporting information). A comparison of SO 2 column amounts measured by OMPS-NM and AIRS on 3 February is shown in Figure 3 . Both OMPS-NM and AIRS measured similar total SO 2 loadings in the volcanic cloud (22.2 kt and 26.5 kt, respectively), although Figures 2 and 3 indicate some differences in retrieved SO 2 column amounts. The latter are probably due to differences in OMPS-NM and AIRS pixel size, the small but significant difference in overpass time (~30 min) during a period of rapid shearing and dispersion of the volcanic cloud, or the effects of SO 2 altitude on the AIRS measurements. Although Figure 3 indicates generally excellent agreement between OMPS-NM and AIRS SO 2 retrievals (within measurement uncertainty), there is evidence for a low bias in the AIRS SO 2 columns, which has been previously noted in comparisons of UV and IR SO 2 retrievals [e.g., Prata and Bernardo, 2007] . We attribute this to the higher sensitivity of the UV measurements to tropospheric SO 2 , resulting in slightly higher UV SO 2 columns, where the volcanic cloud extends deeper into OMPS-AIRS pixel separation (km) Figure 3 . Scatterplot of AIRS SO 2 column against OMPS-NM lower stratospheric SO 2 column for all OMPS-NM pixels containing ≥5 DU SO 2 in the Paluweh volcanic cloud on 3 February 2013. For each OMPS-NM pixel, the AIRS SO 2 pixel containing the closest SO 2 column amount within a 0.2°(~22 km) search radius around the center of the OMPS-NM pixel is plotted. This attempts to compensate for the expected spatial offsets due to differences in overpass time between OMPS-NM and AIRS (based on wind speeds shown in Figure S1 in the supporting information). The pixels are color coded by OMPS-AIRS pixel separation distance (kilometer). The error bars (gray) are ±6 DU for AIRS [Prata and Bernardo, 2007] and ±20% for OMPS-NM, after Yang et al. [2007] .
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the troposphere. This is also evident in Figure 2 , where a small tropospheric SO 2 plume emerging from Paluweh is detected by OMPS-NM but not by AIRS. Figure 4 shows the subsequent transport of the Paluweh volcanic SO 2 cloud from 4 to 9 February. Note that the SO 2 cloud was detected daily from 3 to 10 February, but only a selection of SO 2 retrievals is shown here (see Figure S2 in the supporting information). In Figure 4 , we also show forward trajectories at altitudes of 15 and 17 km derived from the online Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT_4) model [Draxler and Rolph, 2014; Rolph, 2014] . These trajectories closely match the observed SO 2 transport and clearly show that while a small amount of SO 2 from Paluweh was transported across Australia in the subtropical jet at altitudes of~15-16 km, most of the SO 2 reached the tropopause at~17 km, following a curved trajectory over the Indian Ocean (Figures 4b-4d) . Thus, the SO 2 cloud altitude was significantly higher than the volcanic ash plume altitude reported by the Darwin VAAC, likely due to the fact that VAAC observations focus on volcanic ash detection in visible/IR imagery and ash sediments to lower altitudes much more rapidly than volcanic gases such as SO 2 . The high altitude reached by the Paluweh SO 2 cloud is also confirmed by MLS measurements, which detected SO 2 at altitudes of~16-18 km on 4 February 4 ( Figure S3 in the supporting information) collocated with the SO 2 cloud detected by OMPS-NM south of Java (Figure 4a ).
The high altitude reached by aerosol derived from the Paluweh SO 2 emissions is corroborated by CALIOP observations from CALIPSO (Figure 4 and Figures S4 and S5 in the supporting information). The CALIOP VFM algorithm identified stratospheric aerosol layers collocated with the dispersing Paluweh SO 2 cloud at altitudes of 17-18 km on 9, 10, and 12 February (Figure 4 and Figure S4 in the supporting information), with Figure 4a ) and 17 km (western trajectory in Figure 4a and only trajectory in Figures 4b-4d) ; crosses are plotted on trajectories every 24 h. Paluweh volcano is indicated by a triangle. The red lines indicate the edges of OMPS-NM orbit swaths. The blue circles in Figure 4d indicate the location of stratospheric aerosol layers identified by the CALIOP vertical feature mask (VFM) algorithm on 9, 10, and 12 February. See also Figure S1 in the supporting information.
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weakly backscattering aerosol layers with low depolarization (indicating a predominance of liquid phase particles but likely also some aspherical particles producing nonzero depolarization), not detected automatically by the VFM algorithm, also apparent on 7 and 8 February ( Figure S5 in the supporting information). CALIOP and AIRS observations ( Figures S4, S5 , and S6 in the supporting information) also indicate an absence of any significant deep convection that could provide an alternative source for stratospheric particles at this location on 8-12 February (e.g., high-altitude cirrus). These observations, coupled with the increasing CALIOP signal strength with time (e.g., Figures S4 and S5 in the supporting information), indicating sulfate aerosol formation from SO 2 , strongly support a volcanic origin for the aerosol. A radiosonde sounding from Learmonth Airport, Western Australia (YPLM; 22.24°S, 114.09°E), to the east of the Paluweh volcanic cloud, on 9 February 2013 at 12 Z (obtained from http://weather.uwyo.edu/upperair/sounding.html; Figure S7 in the supporting information) indicates a cold-point tropopause altitude of~16.5 km, verifying that the Paluweh aerosols were in the lower stratosphere at this time.
A time series of total SO 2 mass loadings in the Paluweh volcanic cloud from 2 to 10 February, 2013 derived from OMPS-NM, OMI, and AIRS is shown in Figure 5 (see also Table S1 in the supporting information). Figure 5 shows the generally excellent agreement between SO 2 loadings derived from OMI and OMPS-NM, with reported amounts within the 20-30% measurement error [Yang et al., 2007] . Slightly higher SO 2 loadings detected by OMPS-NM on several days are due to the OMI row anomaly reducing the OMI SO 2 loadings when the data gap intersected portions of the drifting volcanic cloud. While AIRS SO 2 loadings are also comparable to OMPS-NM and OMI in the young volcanic cloud, they decay more rapidly than the UV-derived loadings ( Figure 5 and Table S1 in the supporting information). We attribute this to a fairly rapid reduction in SO 2 columns below the AIRS detection limit (~6 Dobson unit (DU)) [Prata and Bernardo, 2007] as the volcanic cloud dispersed. However, the location of the VSO 2 near the cold-point tropopause ( Figure S5 in the supporting information) likely increased the AIRS SO 2 sensitivity, allowing the cloud to be detected for several days, due to maximum thermal IR contrast between the absorber (SO 2 plume) at the cold point and the background (warm surface/low clouds).
The decay of SO 2 loading in the volcanic cloud yields an e-folding time for SO 2 removal (which includes conversion to sulfate aerosol and dispersion below satellite detection limits) of~3-4 days ( Figure 5 ). This is somewhat faster than e-folding times calculated for other recent stratospheric volcanic SO 2 clouds, including 24 days for Soufrière Hills (Montserrat) in May 2006 ,~8-9 days for Kasatochi (Alaska) in August 2008 [Krotkov et al., 2010] , and~10-15 days for Grimsvötn (Iceland) in May 2011 [Sigmarsson et al., 2013] . However, this may reflect the location of Paluweh within the Intertropical Convergence Zone (ITCZ), with abundant tropospheric water vapor available for entrainment in the volcanic plume to promote relatively rapid conversion of SO 2 to sulfate. The e-folding time for the Paluweh SO 2 appears to be comparable to that calculated for the November 2010 eruption of Merapi (Java, Indonesia), which also occurred within the ITCZ and resulted in a similar pattern of SO 2 dispersion (S.A. Carn, unpublished data).
Discussion
The SO 2 column maps in Figures 2 and 4 and Figure S2 in the supporting information demonstrate the high sensitivity of OMPS-NM to VSO 2 in the UTLS, validating its use for extension of the long-term VSO 2 emission inventory derived from UV satellite measurements (Figure 1) . We have also shown that the February 2013 Paluweh eruption, assigned a low VEI of 2 in the Smithsonian Institution Global Volcanism Program database Table S1 in the supporting information. , eruptions similar to Paluweh may maintain SAODs at levels above the true "nonvolcanic" background and contribute to observed SAOD trends. We note that Soputan volcano (northern Sulawesi, Indonesia) also frequently injects SO 2 into the tropical UTLS [Kushendratno et al., 2012] .
Geophysical Research Letters
Events such as the Paluweh eruption are important to recognize as studies focused on the climatic impacts of volcanic eruptions typically use a threshold of VEI ≥ 3 or 4 to filter those capable of impacting SAOD [e.g., Deshler et al., 2006; Vernier et al., 2011; Neely et al., 2013] and thus may omit important perturbations or implicate nonvolcanic sources [e.g., Hofmann et al., 2009] . We therefore recommend that analyses of the impacts of small volcanic eruptions on climate [e.g., Vernier et al., 2011] avoid the use of VEI to establish the sources of SAOD perturbations but instead use direct satellite measurements of SO 2 loading and altitude (e.g., Figure 1 ), which can now be produced rapidly from a number of operational satellite instruments. Furthermore, the use of VEI to assign volcanic plume (SO 2 ) altitude in climate models is also flawed, since SO 2 emitted by tropical eruptions is capable of reaching the tropopause due to moist convection [e.g., , regardless of eruption magnitude. Similarly, the Paluweh case demonstrates that reported plume altitudes may be biased low and hence cannot always be used to infer eruption magnitude and SO 2 release [e.g., Diehl et al., 2012] , and hence stratospheric impact. Tupper and Wunderman [2009] report a low bias in volcanic plume heights reported from the ground, and this may be a pervasive problem for tropical eruptions. Small VSO 2 injections into the UTLS are therefore more common than apparent from current volcanic activity databases.
Conclusions
This analysis of the 2013 Paluweh eruption confirms the sensitivity of the OMPS-NM sensor aboard Suomi-NPP to VSO 2 in the UTLS, and the ability of OMPS-NM data to continue the long-term record of VSO 2 emissions begun by TOMS in 1978. The altitude reached by the Paluweh volcanic SO 2 cloud was determined based on matching HYSPLIT trajectories with the observed SO 2 cloud trajectory from OMPS observations and was found to be significantly higher (~17 km) than the reported ash column altitude (~13-14 km). Such eruption clouds lofted to the tropopause are easy to detect with IR satellite sensors, which achieve maximum sensitivity to SO 2 at the cold point. Stratospheric aerosol presence following the eruption was confirmed using CALIPSO lidar observations. The Paluweh eruption demonstrates that even relatively small explosive eruptions with unremarkable VEIs (VEI < 3) may inject SO 2 to tropopause altitudes or higher, emphasizing the potential impact of small tropical volcanic eruptions on SAOD. This low bias in SO 2 cloud altitudes may be pervasive in eruption reports and may result in an underestimate of volcanic impacts on SAOD. Using VEI alone to estimate SO 2 injection altitude is inadvisable for tropical eruptions.
